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FAKSignaling through cell adhesion complexes plays a critical role in coordinating cytoskeletal remodeling
necessary for efﬁcient cell migration. During embryonic development, normal morphogenesis depends on a
series of concerted cell movements; but the roles of cell adhesion signaling during these movements are
poorly understood. The transparent zebraﬁsh embryo provides an excellent system to study cell migration
during development. Here, we have identiﬁed zebraﬁsh git2a and git2b, two newmembers of the GIT family of
genes that encode ArfGAP proteins associated with cell adhesions. Loss-of-function studies revealed an
essential role for Git2a in zebraﬁsh cell movements during gastrulation. Time-lapse microscopy analysis
demonstrated that antisense depletion of Git2a greatly reduced or arrested cell migration towards the vegetal
pole of the embryo. These defects were rescued by expression of chicken GIT2, indicating a speciﬁc and
conserved role for Git2 in controlling embryonic cell movements. Git2a knockdown embryos showed defects
in cell morphology that were associated with reduced cell contractility. We show that Git2a is required for
phosphorylation of myosin light chain (MLC), which regulates myosin II-mediated cell contractility.
Consistent with this, embryos treated with Blebbistatin-a small molecule inhibitor for myosin II activity-
exhibited cell movement defects similar to git2a knockdown embryos. These observations provide in vivo
evidence of a physiologic role for Git2a in regulating cell morphogenesis and directed cell migration via
myosin II activation during zebraﬁsh embryonic development.; EVL, enveloping layer; ECM,
21-activated kinase; PIX, PAK
turnerce@upstate.edu
l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The precise regulation of cell adhesion signaling to coordinate
cytoskeleton organization is essential for tissue morphogenesis and
cell migration (Gumbiner, 2005; Hynes, 2009). Although extensively
studied in cell culture systems, the functional role of adhesion-
associated proteins in regulating cell morphogenesis and migration
during embryonic development is poorly understood. The zebraﬁsh
(Danio rerio), with the powerful advantages of tractable genetics and
transparent embryos, has rapidly emerged as an excellent animal
model to dissect the molecular complexity of these dynamic cell
behaviors.
Morphogenetic cell movements, including epiboly, involution and
convergent extension, are fundamental for formation of the primary
germ layers during embryonic development (Warga and Kimmel,
1990). During zebraﬁsh gastrulation, blastoderm cells involute and
migrate towards the animal pole of the embryo to form the hypoblastcell layer that will give rise to mesoderm and endoderm. Simulta-
neously, overlying epiblast cells and enveloping layer (EVL) cells
migrate towards the vegetal pole to enclose the yolk cell during a
process known as epiboly. The yolk syncytial layer (YSL), which lies
under the blastoderm in the yolk cell, also undergoes epiboly and is
thought to inﬂuence EVL epiboly movements. However, mechanisms
that control epiboly are not well understood.
Differential cell–cell and cell–extracellular matrix (ECM) adhesion,
in concert with the development of tension within the cell cortical
cytoskeleton are proposed to be the major driving forces for cell
migration in vivo (Kane et al., 2005; Köppen et al., 2006; Steinberg,
2007; Latimer and Jessen, 2010). Furthermore, directional cell
migration during zebraﬁsh gastrulation is coordinated by the
distribution of ECM proteins, such as ﬁbronectin (Latimer and Jessen,
2010), and chemotactic gradients of soluble factors, such as PDGF and
S1P (Montero et al., 2003; Kai et al., 2008). In addition, the integrity of
E-cadherin based cell–cell junctions (Kane et al., 2005) and signaling
via a number of cell–ECM adhesion-associated components including
integrin beta1, laminin, FAK, paxillin (Crawford et al., 2003), ILK and
parvins (Postel et al., 2008) play critical roles. Finally, downstream
activation of the Rho family of GTPases culminates in the development
of actomyosin-based contractility and cytoskeleton remodeling that is
necessary for directed cell migration (Köppen et al., 2006; Krieg et al.,
2008; Weiser et al., 2009).
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protein) proteins perform an important role in the coordination of
Rho GTPase signaling and thus cell motility through their ability to
interact with the focal adhesion adaptor paxillin as well as the Rac1/
Cdc42 GEF (guanine exchange factor) PIX and the effector p21-
activated kinase (PAK) at sites of cell adhesion (Turner et al., 1999).
GIT proteins are substrates for non-receptor tyrosine kinases FAK
and Src. GIT2 tyrosine phosphorylation is necessary for directing cell
migration upon PDGF growth factor signaling in ﬁbroblasts (Brown
et al., 2005; Yu et al., 2009), while GIT1 is similarly required for EGF-
dependent vascular smooth muscle cell migration (Yin et al., 2005).
Gene ablation in mice suggests differential physiological roles for
GIT1 and GIT2, with GIT1 playing a critical role in lung and
vasculature development (Pang et al., 2009) and GIT2 being
important for neutrophil chemotaxis in association with the
immune response (Mazaki et al., 2006). Interestingly, mutation of
GIT in invertebrates also results in signiﬁcant developmental defects
such as impaired myotube guidance in Drosophila melanogaster
(Bahri et al., 2009) and deregulated gonad distal tip cell migration in
C. elegans (Lucanic and Cheng, 2008). However, it is currently
unclear how GIT proteins regulate cell motility in vivo during
vertebrate development.
Herein, we use zebraﬁsh as an animal model to evaluate the
physiological importance of GIT2 during embryo development. We
have identiﬁed two zebraﬁsh GIT2 genes, git2a and git2b, that are
ubiquitously expressed in the early embryo. Taking a reverse genetic
approach, we have found that Git2a plays an essential role in
regulating morphogenetic cell movements during early embryo
development. We show Git2a is required for normal epiboly of EVL
and epiblast cells, and use time-lapse imaging of epiblast cells to
demonstrate that Git2a controls directional cell migration during
epiboly. In addition, we show that Git2a is required for the
phosphorylation (activation) of myosin II in EVL cells during epiboly,
implicating Git2 in the control of actomyosin based cortical actin
contractility in cells undergoing epiboly movements.Results
Identiﬁcation of two Git2 orthologs in the zebraﬁsh genome
ArfGAP GIT proteins have been implicated in the regulation of cell
adhesion and motility in mammalian cell culture systems and
knockout mice (Frank, et al., 2006; Mazaki et al., 2006; Pang et al.,
2009; Yu et al., 2009). To examine the role of GIT in modulating
dynamic cell behaviors in vivo, we chose to use the transparent
zebraﬁsh embryo as a model, which is ideal for live imaging studies.
By searching the zebraﬁsh genome database, we identiﬁed two
genes highly similar to mammalian GIT2. We have designated these
genes as git2a, which is located on chromosome 5 (NCBI GenBank
Accession: CAM15570), and git2b, located on chromosome 10 (NCBI
GenBank Accession: AAI29228). Phylogenetic analysis suggested
that the zebraﬁsh git2 genes encode proteins that are evolutionally
conserved, especially among vertebrates (Fig. 1A and Sup. Figs. S1A,
B). Cloning and sequencing of zebraﬁsh git2a cDNA showed 70%
nucleic acid identity and 75% amino acid identity with human GIT2
(Sup. Fig. S1B). Amino acid alignment and domain analysis suggest
that zebraﬁsh Git2 proteins are highly conserved within major
functional domains characterized in other species, including an
ArfGAP domain at the N-terminus, three Ankyrin repeats, two Spa2
homology domains, and a paxillin binding subdomain at the C-
terminus (Sup. Fig. S1C). Interestingly, phosphorylated tyrosine
residues 286, 392 and 592 identiﬁed in chicken and mammalian
GIT2 proteins (Brown et al., 2005) are highly conserved in zebraﬁsh
Git2 proteins (Y296, Y402, Y583), but not in invertebrates (worm
and ﬂy) (Sup. Figs. S1A,C).Characterization of zebraﬁsh Git2 expression during early development
To characterize expression of git2 genes in the early zebraﬁsh
embryo, we ﬁrst performed whole-mount RNA in situ hybridizations.
Using antisense git2a probes, we detected maternal git2a transcripts
at the 4-cell stage, and ubiquitous expression during epiboly,
throughout somitogenesis and at 24 hours post-fertilization (hpf)
(Fig. 1B). Similar maternal and ubiquitous expression of git2b was
observed during the ﬁrst 24 hours of zebraﬁsh development (Sup.
Figs. S2A,C,E,F,G). Control sense probes showed greatly reduced or
absent staining (Sup. Figs. S2B,D), and RT-PCR was used to further
conﬁrm maternal expression of git2a and git2b (data not shown).
Western blotting was performed to evaluate the protein expres-
sion proﬁle of Git2 during early development. In wild-type embryos,
Git2 was expressed at relatively high levels at the dome stage, and
then exhibited a modest decrease between 50%-90% epiboly before
rebounding during early somitogenesis (Fig. 1C), indicating Git2
expression is differentially regulated during development. We also
observed dynamic expression of Paxillin, a Git2 binding protein,
which exhibited a modest increase in expression between 75%-90%
epiboly (Fig. 1C), in agreement with a previous study (Crawford et al.,
2003). The loading control α-tubulin was equal at these stages
(Fig. 1C).
Whole-mount immunoﬂuorescent staining using Git2 antibodies
showed ubiquitous Git2 protein expression during epiboly stages
(Fig. 1D), consistent with ubiquitousmRNA expression (Fig. 1B). Close
examination suggests that Git2 localizes at the proximity of cell–cell
junctions of EVL cells and in deep cells during epiboly (Fig. 1D). At
24 hpf, Git2 was ubiquitously expressed with enrichment at somite
boundaries (Fig. 1E), a region enriched with ECM proteins including
ﬁbronectin and laminin, and integrins and associated adhesion
proteins such as FAK, paxillin, parvin and ILK (Crawford et al., 2003;
Postel et al., 2008). The early expression of Git2 throughout the
embryo suggested a functional role for Git2 during early embryonic
development.
Git2a knockdown disrupts zebraﬁsh development during gastrulation
In an effort to identify physiologic functions of Git2 in vivo, we took
a loss-of-function approach to assess the role of Git2a during zebraﬁsh
development. Antisense morpholino oligonucleotides (MO) were
designed to bind the intron 2–exon 3 splice acceptor site to disrupt
splicing of git2a transcripts (git2a MO) and thereby reduce Git2a
protein expression. Injection of git2a MO at the 1–2 cell stages
resulted in severe developmental defects or lethality by 24 hpf
(Fig. 2A). At 48 hpf, git2a morphant embryos that survived showed
variable defects, including a shortened anterior-posterior axis, kinked
tail and edema (Fig. 2A). These defects were not observed in control
MO injected embryos (Fig. 2A). To further characterize git2a
morphants, we examined phenotypes at early embryonic stages
using time-lapse microscopy. The majority of git2a morphant
embryos displayed no obvious morphological abnormalities at 6 hpf
prior to gastrulation (Fig. 2B). However, between 6 and 8 hpf (60–75%
epiboly stages)–correlating with the onset of gastrulation–git2a
morphants developed dose-dependent defects in the process of
epiboly (Fig. 2B; Figs. S3A–B), during which cells move towards the
vegetal pole of the embryo. At 9 hpf, the majority of git2a morphants
(65.2%; n=200) showed epiboly defects (Fig. 2C). Abnormalities
included a constricted blastoderm margin (Fig. 2B) and a delay or
arrest in development (Fig. 2D) that in many cases led to embryo
lethality (Sup. Movie 1). We observed a strong correlation between
the severity of epiboly defects and embryonic lethality. Injection of
git2a MO into the yolk cell at the sphere stage to restrict MO to the
yolk (Köppen et al., 2006) did not recapitulate these epiboly defects
(Fig. 2C), indicating Git2a does not play a major role in the yolk cell
during epiboly. By 12 hpf, when control embryos had progressed to
Fig. 1. Identiﬁcation and characterization of git2 genes in zebraﬁsh. (A) Phylogenetic analysis of zebraﬁsh git2 family genes. Dendogram of zebraﬁsh git2a on chromosome 5 and git2b
on chromosome 10 and related orthologs from other species. (B) In situ hybridization of git2amRNA expression in the zebraﬁsh embryo. git2a expression was ubiquitously detected
at the 4-cell, epiboly, tailbud and 14-somite (14SS) and 24 hpf stages. (C) Western blotting of zebraﬁsh Git2 protein at dome, 50%, 75%, 90% epiboly and 6-somite (6SS) stages, α-
tubulin and paxillin were used as loading controls. (D) Immunohistochemistry of Git2 (red) at the 75% epiboly stage. Embryos were co-stained with phalloidin to detect F-actin
(green). Images show surface EVL cells and deep cells (30 μmbelow the surface). Scale bar, 50 μm. Fluorescent intensity proﬁles show relative F-actin (green) and Git2 (red) levels in
EVL cells at the blastoderm margin (1) and deep cells (2). (E) Immunohistochemistry of Git2 (red) at the 24 hpf. Embryos were co-stained with phalloidin to detect F-actin (green).
Scale bar, 50 μm. Zebraﬁsh embryo drawings are adapted from Kimmel et al., 1995.
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Fig. 3. Epiboly cell migration is impaired by Git2a knockdown. (A) Cell tracking images generated from the time-lapse movies of control and Git2a morphants during epiboly.
Representative migration paths of deep (epiblast) cells were obtained by tracking cell nuclei at 5.5–6.5 hpf, 7–8 hpf, 8.5–9.5 hpf. Scale bar, 50 μm. (B) Quantiﬁcation of deep cell
migration velocity of control and git2a morphant embryos by Box and Whisker Plot diagrams. For each set, forty cells from three embryos were tracked and measured by ImageJ
software. Student's t-test, *pb0.005.
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epiboly (Fig. 2B, D). Injection of a second morpholino targeting
different sequences on git2a resulted in similar phenotypes (data not
shown). Importantly, expression of the mesodermal marker no tail
(ntl) in git2a morphants (Sup. Fig. S4) indicated gastrulation defects
were due to altered cell movements rather than aberrant mesodermal
cell fate speciﬁcation.
To further determine the speciﬁcity of the phenotypes observed
during gastrulation of Git2a morphants, we tested whether expres-
sion of chicken GIT2 could rescue MO-induced defects. Chicken GIT2
mRNA, which cannot be targeted by git2a MO, was co-injected with
git2a MO and phenotypes were scored in a double-blind manner at
9 hpf. Co-injection of GIT2 mRNA with git2a MO decreased the
percentage of embryos with epiboly defects from 65.2% to 23.9%
(Fig. 2C, E). GIT2 mRNA also rescued the git2a MO-induced delay of
epiboly (Fig. 2D). Western blotting analysis of lysates from embryos atFig. 2. Embryonic phenotypes following Git2a morpholino knockdown. (A) Live embryos inje
git2amorphants exhibited variable defects including a curled tail, a short body axis and edem
experiments. (B) Representative images of control and git2amorphant embryos at 6, 10 and
of control and git2aMO embryos showing epiboly defects. Co-injection of chicken GIT2mRN
minor epiboly defects. (D) Timing of epiboly progression in uninjected, control MO, git2a M
independent experiments. (E) Representative images of chicken GIT2 mRNA rescue phenot
Git2 protein expression in git2a morphants and embryos co-injected with git2a MO and ch75% epiboly showed git2a MO effectively reduced Git2 protein
expression (Fig. 2F) in a dose-dependent manner (Sup. Fig. S3C) and
that co-injection with chicken GIT2mRNA restored Git2 to near wild-
type levels (Fig. 2F). These results indicate that the defects during
epiboly observed in git2amorphants are speciﬁc to Git2a knockdown.
Morphogenetic movement during gastrulation is regulated by Git2a
Zebraﬁsh development during gastrulation can be separated into
three different phases based on the rate of cell migration towards the
animal pole (Concha and Adams, 1998): the early gastrulation phase
initiates at 50% epiboly stage and is characterized by a relatively slow
cell migration, next the mid-gastrulation phase (75–90% epiboly
stages) is when cell migration increases with persistent directionality,
and ﬁnally during the late gastrulation phase (90–100% epiboly
stages) cells move even faster and encompass the yolk. To examinected with either 4.5ng control morpholino (MO) or 4.5ng git2aMO at 24 hpf and 48 hpf.
a. The graph shows the quantiﬁcation of phenotypes at 24 hpf from three independent
12 hpf. A delay or arrest of epiboly was observed in git2amorphants. (C) The percentage
A partially rescued these defects. Injection of git2aMO into the yolk cell resulted in only
O injected and chicken GIT2 mRNA rescued embryos. Data combined from at least four
ypes compared with control and git2a morphants at 9 and 24 hpf. (F) Western blot for
icken GIT2 mRNA.
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imaging of migrating deep cells (epiblast) in live embryos. Confocal
images of embryos injected with lissamine (red ﬂuorescence)-tagged
control MO or git2aMOwere captured every minute for one hour. We
used the ﬂuorescent MO, which concentrated in the nucleus of
epiblast cells, to track cell migration towards the vegetal pole
(Fig. 3A). Epiblast cells in git2amorphant embryos exhibited irregular
migration (Fig. 3A, B; Sup. Movie 2–7), which was strikingly different
from the directional cell movement in controls (Fig. 3A, Sup. Movie 2–
7). Tracking of individual cells revealed that migration rates (velocity)
during the early phase of epiboly were similar between git2
morphants (0.59±0.19 μm/min) and control embryos (0.67±
0.16 μm/min) (Fig. 3B). In contrast, cell movements were signiﬁcantly
slower in git2a morphants relative to controls during the mid-
gastrulation phase (0.91±0.20versus 1.39±0.20 μm/min) and late
gastrulation phase (0.68±0.18 versus 2.19±0.31 μm/min) (Fig. 3B).
We did not observe differences in cell division or defects in involution
of cells at the margin. These results indicate Git2a is required for
epiblast cell migration during early embryonic development.Fig. 4. Cell morphology is disrupted by Git2a knockdown. Representative images of cortica
embryos at 75% epiboly. Git2 expression was reduced and cell morphology, outlined by co
region (upper row) and lateral region (lower row) demonstrated in control and Git2a morGit2a regulates cell morphology
To further characterize the role of Git2a during development, we next
evaluated the effect of git2a knockdown on actin distribution and cell
morphology. For these experimentswe analyzed EVL cells, inwhich actin
ﬁlaments (F-actin) can be readily stained with phalloidin. In control
embryos at 75% epiboly, cortical actin was distributed continuously
around the periphery of EVL cells in regular polygonal shapes (Fig. 4),
coincident with Git2. In contrast, EVL cells in git2amorphants exhibited
irregular morphology with wavy cortical actin showing occasional
discontinuous patches and frequent evidence of increased protrusive
membrane activity (Fig. 4). This suggested a disruption of cortical tension
in these cells. Importantly, immunoﬂuorescence conﬁrmed efﬁcient
depletion of Git2 in morphant embryos Fig. 4. The phalloidin staining
intensity of cortical actin was similar in control and git2a morphants in
bothdorsal and lateral regions of the blastoderm (Fig. 4), suggesting git2a
knockdown does not signiﬁcantly interrupt cortical actin recruitment.
It has been previously established that an actin band at the EVL
margin gradually condenses during epiboly progression (Cheng et al.,l actin (red) and Git2 (green) distribution in EVL cells of control and git2a morphant
rtical actin, was signiﬁcantly altered in git2a morphants. Scale bar, 50 μm. Animal pole
phant embryo are schematically represented on the right (Kimmel et al., 1995).
Fig. 5. Analysis of EVL, deep cell and YSL actin structures in git2amorphants. (A) Representative images of phalloidin staining of actin in EVL cells, deep cells and the YSL of control
and git2amorphant embryos at 50% and 75% epiboly. The red lines indicate themargins of the deep cell layer (dashed line) and the EVL layer (solid line). The green brackets show the
width of the actin band in the YSL at the margin. Scale bar, 50 μm. (B) Phalloidin ﬂuorescence pixel intensity proﬁles of the actin gradient in the YSL band in control (grey solid line)
and git2amorphants (black dash line) at 50% (left) and 75% (right) epiboly. (C) The length/width ratio (LWR) of EVL cells at the margin in 75% epiboly control and git2amorphant
embryos. Themean and standard deviation are calculated from 64 cells in 12 embryos from four independent experiments. (D) Themean distance between the EVLmargin (solid red
line in A) and deep cell margin (dashed red line in A) at 75% epiboly in control and git2a morphants. The mean and standard deviation is calculated from 10 embryos from four
independent experiments.
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revealed no signiﬁcant difference in the condensation of the actin
band (actin gradient) from 50% to 75% epiboly (Fig. 5A, B) between
control and git2a MO embryos. In addition, we measured the length/
width ratio (LWR) of EVL cells at the margin. This LWR in git2a
morphant embryos was slightly reduced relative to control mor-
phants (Control MO 1.37±0.51 versus Git2a MO 1.09±0.36), but the
difference was not statistically signiﬁcant (Fig. 5C).
Epiboly movements of the EVL and deep cell layers can be
uncoupled by loss of E-cadherin (Kane et al., 2005). Although it
appeared that epiboly of both the EVL and deep cells were delayed in
our time-lapse analysis (Sup. Movie 1), it remained possible that Git2aknockdown differentially affected these cell layers, since EVL and deep
cells have different morphologies. To determine whether both cell
layers were affected during epiboly, we measured the distance
between the margin of the deep cells and the margin of the EVL
(Fig. 5A). The mean distance between the two margins in git2a
morphants with delayed epiboly progression was similar to controls
undergoing normal epiboly (Control MO 53.31±13.14 μm versus
Git2a MO 59.39±19.73 μm) (Fig. 5D). Thus, in contrast to E-cadherin
mutants, loss of Git2a does not uncouple the EVL and deep cell layers
during epiboly.
To directly assess whether Git2a regulates cell–cell junction
composition or organization, we used immunostaining to visualize
Fig. 6. E-Cadherin localizes to adherens junctions in git2a morphants. (A) Representative immunoﬂuoresence images of cortical actin (green) and E-Cadherin (red) in EVL cells of
control and git2a morphant embryos. Scale bar, 50 μm. (B) F-actin and E-Cadherin ﬂuorescence pixel intensity proﬁles of control (1) and Git2a morphant (2) embryos.
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epiboly, E-Cadherin and β-Catenin localized at cell–cell junctions of
EVL cells in control embryos (Fig. 6A, B, Sup. Fig. S5A). Knockdown of
Git2a expression dramatically altered themorphology of EVL cells, but
did not signiﬁcantly change E-Cadherin or β-Catenin localization
(Fig. 6A, B, Sup. Fig. S5A). In addition, the localization of ZO-1, a
marker for tight junctions, was also comparable between control and
git2a morphant embryos (Sup. Fig. S5B). Taken together, our results
indicate that Git2a modulates EVL cell morphology without affecting
cortical actin recruitment, cell LWR or cell–cell junction formation.
Git2a regulation of Myosin II activity is required for effective progression
of epiboly
Observations of wavy cortical actin in git2a morphant EVL cells
suggested a loss of cell contractility, a process that involves myosin II
activity (Martin, 2010). To address the role of myosin II contractility
during epiboly, phospho-speciﬁc antibodies were used to detect
activated endogenous myosin light chain (pMLC; Matsumura et al.,
1998) in EVL cells at 75% epiboly. In control embryos, pMLC co-
localized with cortical actin at the cell periphery and at the margin
where the EVL connects with the YSL in the yolk cell (Fig. 7A).
However, in git2a morphants pMLC staining was greatly reducedFig. 7. Git2 functions throughmyosin II-dependent contractility to regulate epiboly. (A) Immu
cells of control and git2amorphants at 75% epiboly. In control embryos, pMLC (red) co-locali
the EVL contacts the YSL. However, a signiﬁcant reduction of pMLC staining was observed i
proﬁles of EVL cells in control (1, 2) and git2amorphant (3, 4) embryos was aligned. (B) We
epiboly to the 6 somite stage. (C) Quantiﬁcation of the relative level of pMLC: total MLC
experiments. An arbitrary unit (AU) is designated as the pMLC level at 50% epiboly.(Fig. 7A). Due to weak staining we were unable to discern the pMLC
levels in thedeep cell layer (data not shown).Western blottingwas used
to analyzepMLCandmyosin light chain levels in lysates fromcontrol and
git2amorphant embryos atmultiple stages between30% epiboly and the
6-somite stage. In control embryos, pMLC signals transiently increased
between 30% and 75% epiboly (Fig. 7B, C). This increase in myosin light
chain phosphorylation was substantially reduced in git2a morphants
(Fig. 7B, C). Taken together, results from the immunostaining experi-
ments and Western blots suggest myosin light chain phosphorylation,
and thusmyosin II contractility, plays a role during zebraﬁsh epiboly and
that Git2a is required for this phosphorylation.
To further evaluate the potential role for reducedmyosin II activity
in the git2amorphant phenotype, we treated wild-type embryos with
the pharmacological inhibitor Blebbistatin, which speciﬁcally blocks
myosin II ATPase activity (Kovacs et al., 2004). To minimize the effect
of Blebbistatin on cytokinesis, we treated embryos from 5 to 9 hpf, a
developmental window that does not include rapid cell division and
frequent cytokinesis (Kimmel et al., 1995). Consistent with previous
results (Köppen et al., 2006), embryos treatedwith 30 μMBlebbistatin
exhibited defects at 10 hpf that were similar to those observed in git2a
morphants, including an elongated animal–vegetal axis and a delay or
arrest of epiboly movements (Fig. S6A, B). Reminiscent of git2a
morphants, time-lapse recordings showed that Blebbistatin treatednoﬂuoresence staining of phosphorylatedMyosin light chain (pMLC) and F-actin in EVL
zed with cortical actin (green) at the cell periphery in EVL cells and at the margin where
n git2a morphants. Scale bar, 50 μm. The F-actin and pMLC ﬂuorescence pixel intensity
stern blotting of pMLC and total levels of MLC in control and git2amorphants from 30%
from control and git2a morphants at 50% and 75% epiboly from three independent
233J.A. Yu et al. / Developmental Biology 349 (2011) 225–237embryos frequently exhibited slower cell movements towards the
vegetal pole during epiboly, relative to controls (Sup. Movie 8). The
observation of similar defects in git2a morphants and Blebbistatintreated embryos is consistent with a model (Fig. 8) in which Git2a
controls morphogenetic movement during gastrulation in part by
regulating myosin II activity and cell contractility.
Fig. 8. Model of Git2a regulation of cell morphology and migration during epiboly.
Disruption of Git2a expression results in reduced cell migration, as well as abnormal
morphology during epiboly and is associated with reduced levels of phosphorylated
myosin light chain (pMLC). Similar defects are observed when embryos are treated
with the myosin II inhibitor Blebbistatin, suggesting a working model in which Git2a
regulates cell morphogenesis and directed cell migration in part via myosin II activation
during zebraﬁsh embryonic development.
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Cell adhesion signaling plays critical roles in the regulation of cell
morphology and migration. In this study we identify and characterize
newmembers of the GIT family of cell adhesion-associated proteins in
zebraﬁsh, which has become a powerful in vivo system for integrating
the ﬁelds of cell and developmental biology. Antisense knockdown of
Git2a perturbed cell migration during zebraﬁsh gastrulation, suggest-
ing a role for cell adhesion-mediated signaling that is required for
morphogenetic movements during early embryonic development.
Mechanistically, we show Git2a is required for efﬁcient phosphory-
lation of myosin light chain, which controls cell contractility and
morphology. Our results reveal a function for Git2 in regulating
morphogenetic cell movements that are essential for normal
gastrulation.
Git2 is expressed during early zebraﬁsh development
We have identiﬁed two GIT2 orthologs in zebraﬁsh, designated as
git2a and git2b, which likely arose due to a genome duplication event
in zebraﬁsh. Interestingly, we did not ﬁnd an ortholog of GIT1, a close
family member of GIT2 (Vitale et al., 2000). RNA analyses indicated
both git2a and git2b are maternally supplied and ubiquitously
expressed at all stages tested during the ﬁrst 24 hours of zebraﬁsh
development (Fig. 1B and Sup. Fig. S2). To characterize Git2 protein
expression, we used antibodies raised against chicken GIT2 that cross-
reacted with zebraﬁsh Git2 protein for Western blotting (Fig. 1C) and
immunohistochemistry (Fig. 1D, E). Whole-mount ﬂuorescent immu-
nostaining demonstrated that Git2 protein is ubiquitously expressed
during gastrulation and localizes near cell–cell junctions in migrating
EVL and deep cell layers (Fig. 1D). The efﬁcient reduction of Git2
protein in embryos injected with a MO speciﬁcally targeting git2a
(Figs. 2F and 4) suggests that the git2a gene contributes the majority
of Git2 protein during gastrulation.
Git2a function is necessary for normal gastrulation
Recently, a microarray screen identiﬁed Git2 as a potential
regulator for Xenopus laevis gastrulation (Köster et al., 2010). In
zebraﬁsh, our MO-mediated loss-of-function studies have uncov-
ered an essential role for Git2 during epiboly, which is consistent
with the expression of git2a in the early zebraﬁsh embryo. The
majority of git2a morphant embryos displayed a delay or arrest ofepiboly movements during gastrulation that led to severe pheno-
types or embryonic death (Fig. 2, Sup. Movie 1). Successful
completion of gastrulation depends on precise coordination of
multiple cell movements, including epiboly cell migration, involu-
tion, and convergent extension at late-gastrula stages. The process of
epiboly moves EVL and epiblast cells to cover and ﬁnally enclose the
yolk cell. These cells exhibit epithelial-like properties with E-
cadherin dependent cell–cell junctions (Kane et al., 2005) and
migrate cohesively as a sheet (Heisenberg and Solnica-Krezel, 2008).
Time-lapse imaging and tracking of individual deep (epiblast) cells
revealed that, although involutionwas still observed (Sup. Movies 2–
7), epiboly cell migration was signiﬁcantly compromised in git2a
morphants (Fig. 3). Consistent with previous studies (Concha and
Adams, 1998), we observed a dramatic increase in the rate of cell
migration during gastrulation (5.5–8.5 hpf) in control embryos
(Fig. 3B). This acceleration of epiblast migration did not occur in
git2a morphants (Fig. 3B; Sup. Movies 2–7). Importantly, epiboly
defects in git2a morphants were ameliorated by expression of
chicken GIT2 (Fig. 2C). This indicates the function of Git2 during
morphogenetic movements is conserved across species.
The yolk syncytial layer (YSL) of the yolk cell undergoes epiboly
simultaneously with the EVL and deep cell layers. Accumulating
evidence suggest the YSL regulates EVL epiboly movements (Köppen
et al., 2006). In git2a MO embryos, we observed no statistical
differences relative to controls in the intensity of the actin band
gradient at the margin where the EVL meets the YSL (Fig. 5A, B) or the
length/width ratio of EVL cells at the margin (Fig. 5A, C). In addition,
injection of git2a MO speciﬁcally into the YSL did not result in
substantial epiboly defects or any decrease in pMLC staining in EVL
cells or themargin (Fig. 2C and data not shown). These results suggest
git2a MO-mediated epiboly defects are largely due to loss of Git2a in
embryonic cells, rather than in the YSL.
Directional cell migration is precisely coordinated by a combi-
nation of cell adhesion and positional growth factor signaling
(Ridley et al., 2003). Recent studies have shown that the ECM
components ﬁbronectin and laminin become enriched at tissue
boundaries separating the different embryonic cell layers during
early gastrulation (65% epiboly) and this is followed by matrix
remodeling and ﬁbrillogenesis during midgastrulation (80% epibo-
ly), coinciding with the period of maximum cell migration (Latimer
and Jessen, 2010). The major cell migration defects in the Git2a
morphants also occurred during mid- and late epiboly (Fig. 3),
raising the possibility that the Git2a morphants lose their capacity
to efﬁciently migrate as a result of defects in ECM-dependent
adhesion signaling. Additionally, growth factors such as PDGF
(Montero et al., 2003) and S1P (Kai et al., 2008) are deposited
within the ECM and provide guidance cues to direct the migration of
germ layer progenitor cells (Keller, 2005). Observations from cell
culture studies indicate that GIT2 is also downstream of growth
factor receptor activation (Brown et al., 2005; Yin et al., 2005; Yu
et al., 2009) and thus, in vivo it is well positioned to mediate cell–
matrix adhesion and growth factor cross-talk and thereby facilitate
directional cell migration. Indeed, gene deletion of GIT in other
species such as mice, worms and ﬂies also leads to defective cell
migration and guidance (Mazaki et al., 2006; Lucanic and Cheng,
2008; Bahri et al., 2009; Pang et al., 2009). Additional studies will be
required to formally evaluate a role for Git2a in cell–ECM signaling
during zebraﬁsh development.
What signaling pathways require Git2 function?
The arrest in epiboly cell migration in git2a morphants was
accompanied by defects in EVL cell morphology that was indicated by
wavy cortical actin (Fig. 4). In addition, we observed a loss of pMLC
staining in EVL cells in git2a morphants (Fig. 7A), indicating a
reduction in Myosin II activity. These phenotypes implicated defects
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were observed following treatment with the myosin II inhibitor
Blebbistatin (Sup. Fig. S6). During migration, intracellular signaling
pathways, activated by cell–ECM adhesion and growth factor
stimulation result in Rho GTPase activation, remodeling of the actin
cytoskeleton and the development of mechanical force via actomy-
osin-based contractility (Ridley et al., 2003; Hammerschmidt and
Wedlich, 2008). Fluorescence microscopy and live imaging analyses
further suggest an important role for actin cytoskeleton contractility
during epiboly (Cheng et al., 2004; Köppen et al., 2006), both in the
maintenance of epithelial cell shape (Martin, 2010) and directional
migration (Köppen et al., 2006) (Fig. 8).
There are a number of potential pathways through which Git2a may
contribute to increased actomyosin activity. For example, loss-of-
function experiments in zebraﬁsh embryos have indicated a require-
ment for the Ste20-like kinase Msn1 in F-actin and myosin II
recruitment, cell shape coordination and directed migration during
epiboly (Köppen et al., 2006). We have previously shown that GIT2
controls the spatial activity of the p21-activated kinase, PAK (Yu et al.,
2009), another member of Ste20-family of kinases, via a regulated
interaction with the PIX–PAK–Nck complex (Turner et al., 1999). Active
PAKs can promote contractility by directly phosphorylating Serine 19 on
MLC (Sanders et al., 1999; Bokoch, 2003; Zhang et al., 2005).
Alternatively, disruption of the MAP kinase (MAPK) signaling cascade
p38MAPK-MAPKAPK2 (betty boop, bbpmutant) (Holloway et al., 2009)
or ERK (Krens et al., 2008) also results in early developmental defects
that are associated with abnormal contractility and defective morpho-
genetic cell migration respectively. GIT proteins are capable of binding
Erk and are involved in regulating MAPK/ERK activity (Yin et al., 2005;
Yu et al., 2009), another upstream modulator for MLC phosphorylation
viaMLC kinase (Nguyen et al., 1999). The impact of Git2 on signaling via
these intermediates, in addition to other potential links to cytoskeletal
contractility, for example via RhoA-mediated ROCK signaling (Weiser et
al., 2007) will be the focus of future investigation.
In higher eukaryotes, GIT2 is tyrosine phosphorylated by the focal
adhesion kinase (FAK) and Src family kinases in response to growth
factor and adhesion signaling and these posttranslational modiﬁcations
contribute to the development of front-rear cell polarity and persistent
cell migration (Brown et al., 2005; Yu et al., 2009). GIT2 function is
further regulated by its interaction with the adhesion scaffold protein,
paxillin (Brown and Turner, 2004). Interestingly, both the tyrosine
phosphorylation sites, as well as the paxillin binding subdomain (PBS)
are present in zebraﬁsh Git2 proteins (Sup. Fig. S1), suggesting
conservation of function. In this regard, recent studies have identiﬁed
essential roles for the Src family kinases, Yes and Fyn in regulating
epiboly cell migration during zebraﬁsh development (Jopling and den
Hertog, 2005). Both FAK and paxillin are ubiquitously expressed in the
developing zebraﬁsh embryo and, as with Git2 (Fig. 1) become
concentrated in the somite boundaries during somitogenesis (Crawford
et al., 2003). Global deletion of FAK or paxillin inmice results in reduced
cell adhesion signaling and early embryonic lethality (Ilic et al., 1995;
Hagel et al., 2002;), while X. laevis and D. melanogaster embryos lacking
paxillin exhibit signiﬁcant developmental abnormalities with impaired
cell polarity and directional migration (Iioka et al., 2007; Llense and
Martin-Blanco, 2008). It will be important to determinewhether Git2 is
also phosphorylated by SFKs and FAK in vivo and how these
posttranslational modiﬁcations, along with its interaction with paxillin
contribute to Git2's role in regulating morphogenetic cell movements
during embryonic development.
Materials and methods
Zebraﬁsh embryos
Embryos were obtained from natural matings of AB wild-type
zebraﬁsh obtained from the Zebraﬁsh International Resource Center.Embryos were cultured as previously described (Westerﬁeld, 2000)
and staged according to Kimmel et al., 1995.
Identiﬁcation, phylogenetic analysis and cloning of zebraﬁsh git2 genes
Zebraﬁsh git2 genes were identiﬁed by BLAST in NCBI and VEGA
zebraﬁsh genome database (Welcome Trust Sanger Institute, http://
vega.sanger.ac.uk/Danio_rerio/Info/Index). Phylogenetic tree analysis
was performed by DNAStar-AlignMega (Invitrogen). All gene
sequences analyzed were extracted from NCBI, including Human
GIT1 (NM_001085454) and GIT2 (AF124491), Mouse Git1
(NM_001004144), and Git2 (NM_019834), chick PKL (NM_204206),
zebraﬁsh git2a (CAM15570) and git2b (NP_001073657), C. elegans
GIT1 (181253) and D. melanogaster GIT1 (NP_610599)).
RT-PCR was used to clone git2a and git2b cDNAs. RNA was isolated
from wild-type embryos at 48 hpf using TRIzol reagent (Invitrogen)
and reverse transcribed with the iScript cDNA Synthesis kit (Bio-Rad).
git2a and git2b cDNAswere ampliﬁedwith Extensor PCRMaster Mix 1
(Thermo Scientiﬁc) using the following primers: git2a 5′-CGCTAACG-
GAGACAAGGATG-3′ and 5′-GCTTCAAGCCAGACGATGAT-3′ and git2b
5′-ATGTCCATCAGAGCGCGTA-3′ and 5′-GTGGCGTCTGACATGACACT-
3′. PCR products were puriﬁed with the QIAquick gel extraction kit
(Qiagen) and inserted into pCR-XL-TOPO (Invitrogen).
Whole-mount RNA in situ hybridization
A Digoxigenin (DIG) RNA labeling kit (Roche) was used to
synthesize RNA probes from linearized git2a and git2b plasmids and
an ntl plasmid (Schulte-Merker et al., 1994). Probes were puriﬁed
using Micro Bio-Spin 6 Columns (Bio-Rad). Embryos were ﬁxed in 4%
paraformaldehyde and 1× sucrose buffer overnight at 4 °C and then
dehydrated in a graded series of ethanol. Embryos were then
rehydrated and digested with proteinase K. Following rinsing,
embryoswere ﬁxed in 4% paraformaldehyde for 20 min and incubated
in pre-hybridization solution at 65 °C. DIG-labeled RNA probes diluted
in hybridization buffer were incubated with embryos overnight at
65 °C. Following washes, preadsorbed anti-DIG-AP (alkaline phos-
phatase) antibodies (Roche) were added to embryos overnight.
Unbound antibody was removed by washing multiple times and
colorimetric signal was detected using BCIP and NBT reagents
(Roche). Images were captured on a Zeiss Discovery V12 Stereo
microscope using an AxioCam MRc digital camera (Zeiss) and
processed by AxioVision (Zeiss) and Photoshop (Adobe) software.
Immunoblotting
Pooled embryos were manually dechorionated, deyolked and
lysed in ice-cold modiﬁed RIPA buffer (1% Triton X-100, 0.5
deoxycholic acid, 0.1% SDS in PBS) plus leupeptin and PMSF. Lysate
protein concentration was determined by Bradford assay (BioRad).
100 μg of total protein extract was resolved on a 10% SDS-PAGE gel
and transferred to nitrocellulose membrane. Western blots were
probed with primary antibodies against Git2 (1:800, PKL (GIT2)/GIT1
antibody from BD Transduction), α-tubulin (1:1,000, Sigma), paxillin
(1:800, BD Transduction), phospho-MLC (pS19, 1:500, Cell Signaling)
and pan-MLC2 (1:500, Cell Signaling).
Embryo injections and small molecule treatments
Morpholino oligos (MO) purchased from Gene-Tools included a
splice-blocking git2a MO (5′-CTGAACCATCTGTGAATGAGAAAGA-3′)
that targets the intron 2–exon 3 splice acceptor site, a second splice-
blocking MO (5′-CAGGAAAGTCATTTTCATACCTTGC-3′) that targets
the exon 4–intron 4 splice donor site of git2a and a standard negative
control MO (5′-CCTCTTACCTCAGTTACAATTTATA-3′).
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GIT2 cDNA (Turner et al., 1999) was subcloned into the pcDNA3 vector
and then transcribed with T7 RNA polymerase using mMessage Kit
(Ambion). A total of 300 pg mRNA was injected at one-cell stage.
For small molecule inhibitor experiments, embryos were treated
with Blebbistatin (Calbiochem) at indicated concentrations or 0.05%
DMSO for control in 12 well plates between 5–9 hpf at 28.5 °C.
Immunohistochemistry and microscopy
Embryos were ﬁxed in 4% paraformaldehyde and 1X sucrose buffer
with 0.2% Triton X-100 (1% Triton X-100 for E-Cadherin staining)
overnight at 4 °C. Aftermanual dechorionation, embryoswere blocked in
5% sheep serum plus 3% BSA for 6 hours and stained with primary
antibodies overnight at 4 °C. Primary antibodieswere phospho-MLC (Cell
Signaling, 1:100), Git2 (BD Transduction, 1:200), ZO-1 (Invitrogen,
1:200), β-Catenin (Santa Cruz, 1:200) and E-Cadherin (BD Transduction,
1:100). Following washes, embryos were incubated overnight with
ﬂuorescent secondary antibodies and in some cases ﬂuorescent
Phalloidin Alexa Fluor 488 (1:400, Invitrogen) to visualize ﬁlamentous
actin. Secondary antibodies were goat anti-mouse or goat anti-rabbit
Alexa Fluor 586 (Molecular Probes, 1:300). Stained embryos were
mounted in the SlowFade Reagent (Molecular Probes). Immunoﬂuores-
cence images were captured using a Perkin Elmer Spinning Disc confocal
microscope equipped with Hamamatsu CCD camera (ORCA) and
processedwith Volocity 5.1 (PerkinElmer, Inc.) or ImageJ (NIH) software.
Time-lapse imaging and cell motility analysis
Embryos were grown to the indicated stages and then mounted in
0.8% low-melting agarose gel on a MatTek dish (MatTek Corp., MA).
Epiblast cells (deep cells below the EVL layer) were chosen for the
imaging analysis. Images were captured using a C9100-50 EMCCD
camera (Hamamatsu) on a Nikon Ti-E microscope equipped with an
Ultra View VoX spinning-disk confocal system (Perkin-Elmer) and
Nikon Plan Fluor 20× (0.75 NA, 0.35 WD) oil-immersion objective.
Confocal optical sections were collected using Volocity 5.1 software
(PerkinElmer, Inc.). Time-lapse images (exposure time, 20 ms) were
captured every minute for 1 hour (5.5–6.5 hpf, 7–8 hpf, 8.5–9.5 hpf,
respectively). For the cell migration analysis, individual nuclei,
identiﬁed by nuclear accumulation of lissamine-tagged morpholino,
were marked and tracked using ImageJ software (NIH). Net cell
migration velocity was calculated as the total tracking path (μm)
divided by time (minutes). Statistical analysis was performed using
SigmaPlot 11 (Systat Software Inc., CA).
Supplementarymaterials related to this article can be found online at
doi:10.1016/j.ydbio.2010.10.027.
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